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1. Introduction
Glass materials are so brittle and transparent that laser 
micro-machining of these materials has various difficulties 
in processing quality. Therefore, some studies on the 
development of laser-machinable glass have been carried 
out [1-5]. Typical laser-machinable glass was prepared by 
ion-exchange process in molten salt bath which contained
silver [1,2,4,5] or copper ions [4]. However, the 
conventional method was only applicable to glass materials 
containing large amount of alkali ions such as lime-sodium 
glass, because the process was driven by the substitution 
between alkali and metal ions at the glass surface.
In this report, a fabrication method of laser-machinable 
glass by electric field-assisted ion-exchange (FAIE) is 
proposed. In FAIE process, metal ions are supplied from 
metal foil or film placed on the glass surface by applied DC 
voltage. Because the process is electrostatically driven, 
more rapid and deeper metal penetration will be available. 
Here, the laser-machinability of copper-containing 
borosilicate glass by FAIE process was experimentally 
investigated.
2. Experimental
Borosilicate glass slide (Schott, BOROFLOAT, 25 mm 
x 25 mm x 1.1 mm) and pure copper foil (> 99.9 %, 20 mm 
x 20 mm x 10 ?m) were used in the experiment. These were 
placed between two copper electrodes in a high vacuum 
chamber (< 10-3 Pa). After the evacuation and temperature 
elevation, DC voltage was applied with copper foil as 
anode. The ion-exchange conditions are shown in Table 1.
The cross-sectional distributions of copper ions were 
measured by electron probe micro-analyzer (EPMA?JEOL, 
JXA8900). 
The laser micro-machining system consisted of a fourth 
harmonic Nd:YAG laser oscillator (Continuum, Surelite I-
20) and PC-controlled translation stage. Pulse duration of 
the laser beam was 6 ns. All samples were irradiated on the 
front surfaces through the stainless steel mask (100 ?m x 
100 ?m) by a defocused laser beam. The shapes and 
profiles of processed holes were examined by scanning 
electron microscope (SEM,? JEOL, JSM-840A) and 
confocal laser scanning microscope (Keyence, VK-8500), 
respectively.
3. Results and Discussion
Figure 1 shows the change in penetration depth of 
copper ions with exchange time. For the purpose of 
comparison, in this figure, the penetration depth of silver 
ions in borosilicate glass prepared in molten salt bath of 
1.0%AgNO3-NaNO3 at 623 K is also shown (sample E). 
As shown in Fig. 1, the penetration depth of sample D was 
approximately three times larger than that of sample E,
although the ionic diffusion coefficient of copper in glass 
was smaller than that of silver [6]. Between sample D and E, 
in addition, the cross-sectional profiles of ions were so 
different, as shown in Fig. 2. In sample D, copper ions were 
uniformly distributed over the exchanged area, in contrast 
to silver ions in sample E. In the literature [5], it was shown 
that the laser ablation rate (removed depth per laser shot) of 
silver-sodium ion-exchanged glass gradually decreased with 
the dilution of silver ion concentration. Therefore, it was 
expected that glasses prepared by FAIE kept constant 
ablation rates over exchanged areas.
Figure 3(a)-(e) show SEM micrographs of laser-ablated 
square-holes on un-exchanged (sample R) and ion-
exchanged (sample D) glasses, when the laser power was 
5.0 J/cm2. The cross-sectional profiles of these holes are 
shown in Fig. 3(f). As shown in Fig. 3(a), many micro-pits
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Sample Applied voltage (V) Time (ks)Temperature (K)
A
B
C
D
R Un-exchanged borosilicate glass
100 623
1.8
3.6
10.8
21.6
Table 1 Ion-exchange 
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were observed at the processed surface after 10 pulses 
irradiation on sample R. And the processed hole was 
seriously damaged even by 20 pulses irradiation (Fig. 3(b)).
Many large (-50 ?m) chippings occurred at ablated edges,
and irregular-shaped and porous structures appeared at the
hole bottom. Although the formation mechanism of these 
structures was still unknown, it was assumed that micro-pits 
formed by multiple laser irradiation played absorption 
centers of laser beams and accelerated the generation of 
larger chippings. On the other hand, such defects or 
structures were not observed in 80 and 100 pulses irradiated
holes on sample D (Fig. 3(c) and (d)). Both of these holes 
had extremely flat hole bottoms, sharp ablated edges and 
small heat affected zones around the holes, although faint 
ripple patterns formed by diffracted laser light were 
observed at hole bottoms. These results suggested that the 
input energy was effectively absorbed in copper-containing 
region and rapid ablation of surface layers occurred. 
However, the flat bottom face was drastically damaged by 
120 pulses irradiation, as shown in Fig. 3(e). Although the 
sharp ablated edge was maintained, the irregular-shaped 
and porus structure, which was very similar to that observed 
on sample R, appeared at hole bottom. As shown in Fig. 3
(f), the removed depth by 100 pulses irradiation was 27.4 
?m and this value was close to the penetration depth of 
copper ions in sample D (see Fig. 1). It was assumed, 
therefore, that the laser machinability degraded at 120 
pulses irradiation because the hole bottom reached a non-
Fig. 1 Change in penetration depth of copper ions with ion-
exchange time. Sample E was prepared by 
conventional ion-exchange method in molten salt 
bath of 1.0%AgNO3-NaNO3 at 623 K.
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Fig. 2 Comparison of ion distribution profiles in glasses 
prepared by (a) FAIE (sample D) and (b) 
conventional ion-exchange (sample E).
(c) 80 shot on Cu-doped glass
3
3'
(d) 100 shot on Cu-doped glass
4
4'
(e) 120 shot on Cu-doped glass
5
5'
(b) 20 shot on as-received glass
2
2'
(a) 10 shot on as-received glass
1
1'
(f)
22.2 ?m
4 4'
3 3'
2 2'
1 1'
50 ?m
50 ?m
5 5'
27.4 ?m
59.4 ?m
Fig. 3 SEM photographs of laser-ablated square holes formed on as-received and Cu-doped glasses. (a) 10 shot and (b) 20 shot
irradiation of as-received glass; (c) 80 shot, (d) 100 shot and (e) 120 shot irradiation of Cu-doped glass. The cross-sectional 
profiles of (a–e) are shown in (f). The laser power was 5.0 J/cm2.
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copper-containing region. In addition, the ablation rates 
calculated from hole depths by 80, 100 pulses irradiations 
were 0.278 (0 - 80) and 0.260 ?m/pulse (80 - 100 pulses). 
These values indicated that the copper-containing region 
formed by FAIE had constant ablation rate over exchanged 
area. 
4. Conclusions
In this report, an improvement method of laser-
machinability of borosilicate glass by electric field-assisted 
solid-state ion-exchange was proposed. Experimental 
results showed that the ion-exchanged copper-containing 
region had the excellent laser machinability. However, the 
processing quality suddenly deteriorated when the removed 
depth exceeded the penetration depth of copper ions. 
Therefore, well-designed and controlled ion distribution 
was necessary for the high-accuracy fabrication of micro-
components. Numerical prediction of ion behavior will be a 
prospective method for this purpose. The effects of other 
metal ions in glasses on optical characteristics and laser-
machinabilities will be presented in our future work.
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